Abstract: Drude's equation, a classical equation, can be used to express the properties of optic polarization. In the paper, an optimized two-term Drude's equation is introduced for expressing the specific rotation. The optical rotation angle for each wavelength is measured by a charge-coupled device. In order to verify the precision and versatility of the equation, we compare the obtained specific rotation with published analysis at a wavelength of 589.3 nm. Moreover, the two-term Drude's equation is translated into calculate the approximatively individual concentration of the molecules in aqueous solution. The calculation is based on the linear functional relation and fitting parameters of total rotation without knowing the ranges of concentrations and setting constraints. The viability and flexibility of this method demonstrate the potential applications in optics.
Introduction
The rotation of the plane of linearly polarized light by a chiral substance is probably one of the most generally known physical phenomena of chirality [1] . The optical rotation (OR) and optical rotatory dispersion (ORD) have been observed in 1811 by François Arago and widely applied in many fields in current years [2] - [4] . High-accuracy and non-destructivity methods are always required for measurement of OR and ORD such as chemical analysis and sugar manufacturing [4] . For example, computational methods have been adopted to monitor the noninvasive or minimally invasive physiological glucose of humor with various components [5] - [7] .
Güçlü et al. [8] calculated the optical rotatory dispersion of molecules in the aqueous humor by one-term Drude's equation and optimized the concentration-related coefficients in the approximating function for the total rotation. From a computational method for calculating glucose concentration tested on the data derived from published analysis, they confirmed the concentrations between calculation and actual concentration prepared. Besides, concentrations of glucose were predicted in the sample of many optically active molecules at different excitation light wavelengths in the visible spectrum by setting constraints.
Gough [9] proposed a method to predict optical activity based on concentration. The concentration of the individual component from aqueous humor sample were multiplied by the corresponding values of specific optical rotation at each wavelength and summed to give the net predicted optical rotation. They calculated the greatest rotations attributed to glucose and total protein without taking other unidentified, optically active molecules into account. The ORD curve was constructed from the angular rotations at five different wavelengths, which would bring some relative errors.
Soetedjo et al. [10] used the ORD measurement technique with a modified one-term Drude's equation to examine sugar compounds and their mixed aqueous solutions. Their measurement was done using a self-constructed ORD set-up integrated with a commercial UV-vis spectrophotometer (Hitachi U-3300). They demonstrated an agreement between the concentration of glucose and Drude's parameters, which the two curves are logical as the increases of concentration and Drude's parameters are followed by an increase in wavelength. The conclusion they proposed was that the optical rotation model for mixed sugars was the average of the individual optical rotation, however, whether it is true or not is still up for debate.
In this paper, we focus on OR and ORD measurement method and the analysis of the relationship between solution concentration and Drude's parameters. To measure the OR of an optically-active sample, we use a transmitting grating and line scan charge-coupled device (CCD) . To analyze the relationship, we propose a two-term Drude's equation and compare the value of OR and ORD of sugars between the theoretical and the experimental. Compared with [8] - [10] , we will confirm the accuracy of the result though the specific rotation rather than optical rotation, which reduces the interference of external environment conditions. Besides, in turn, we will calculate the approximating concentration of individual molecule by using the two-term Drude's equation of specific rotation without setting constraints. The major driving force on investigation of optical activity of the different solutions is based on their potential applications in measurement. Thanks to previous contribution to the field of physics.
Principle
In this chapter, the outline of ORD spectrophotometer system based on a transmitting grating and line scan CCD is described in Section 1. In Section 2, we provide an explanation for the relationship between optical rotation, specific rotation, concentrations and Drude's equation. The experimental results and application are shown in Section 3 and section
Measurements
Compared with using a spectrophotometer, this set-up obtains optical rotation angles with multiple wavelengths quickly and simultaneously [11] . CCD is widely applied in scientific research and engineering field because of their quick measurement, high accuracy, and large measuring range [12] - [14] . In this work, we have newly inserted the CCD to enable measurement of multiple wavelengths in the visible light region. The schematic diagram of ORD spectrophotometer system and the individual optical elements are showed in Fig. 1 .
The collimated polychromatic beam that is emitted from a bromine tungsten lamp (Shenzhen LEO-Photoelectric Co., Ltd, LW-SP-HT-250) and passes through an aperture system which is used to control the beam diameter. Then the beam is converted into linearly polarized light by the polarizer (Laser Research Institute, Qufu Normal University, LGP4A10) and the polarization planes of the light with different wavelengths will be rotated to various angles when passing through the sample [11] . Next, the beam is split by transmission grating (Thorlabs Inc, GT13-03) after interfering via an analyzer controlled by a digital signals processor (DSP)(TI F2812). At last, the beam is detected by the line scan CCD (Teledyne DALSA, Inc., Spyder2 S2-2x-04k40) with 4096 pixels. 
Theoretical Analysis
It is often convenient to express optical rotations in a manner for an aqueous solution. The specific rotation [α] T λ at a wavelength λ and temperature T is given by
where α λ is the optical rotation for the solution at a wavelength λ, c is the mass concentration and l is the path length of the light through the sample. The special rotation [α]
T λ depends on the radiation's wavelength, the temperature and solvent.
If the different kinds of chiral solute molecules in sample solution do not interact with each other or the interaction is so minimal that we can ignore it, the total optical rotation can be considered to be the sum of all contributions from different molecules in the sample. The parameter n represents the number of chiral molecules.
The ORD curves of optically active solutions have been analyzed mainly by one-term Drude's equation [8] , [10] . In this paper, we discuss the improvement of our measurement and the accuracy of data we obtained by comparing the theoretical ORD curves in the manner of one-term and two-term Drude's equation. The one-term and two-term Drude's equation is shown in (3) and (4) respectively [15] , [16] :
where k 1 is a constant parameter for the observation and k 2 is a reference wavelength, which is now known to be related to the wavelengths of the absorbance bands of a chiral molecule [1] , k i 1 and k i 2 (i = 1, 2, 3, · · ·) are adjustable parameters [16] . In order to improve the accuracy of theoretical equation and keep the error as small as possible, we will introduce a constant k 0 . Herein, the theoretical equation is shown in the following expression: From (3) and (5), we can achieve a theoretical equation to calculate the total optical rotation of solution. The theoretical equation can be written as follows:
From the equation above, it is obvious to find that optical rotation angle keeps a linear relation with solution concentration and path length of medium when special rotations are fixed [17] . It encourages us to calculate the inherent feature that is specific rotation on fixed conditions to explore a better way to measure the optical rotation angle. Besides, it also drives us to calculate the approximating concentration of individual molecule in turn to explore a relationship between concentration and rotation at different wavelengths.
Results

Measuring Results
In order to measure and calculate the special rotation of aqueous solution, the experimental temperature was controlled to maintain 20
• C \pm 1 • C, the precision of the motor is set to 0.005
• per step and reproducibility of the step motor was ±0.001
• . Fixing the polarizer and adjusting the analyzer to make the included angle of their polarization directions close to 45
• , where was set as the initial position. As the pulse signal with a central frequency of 500 Hz was generated by DSP, step-motor drives the analyzer to rotate 90
• from the initial position toward the crossed position. Besides, the measuring wavelength ranges from 480.1 nm toward 739.3 nm.
To demonstrate the practical applicability of our system, we measure and calculate the specific rotation of several sugars: D-(+)-glucose (ࣙ99.5%, Sigma-Aldrich), D-(+)-galactose (ࣙ98%, Reagent), D-(-)-fructose (ࣙ98%, Reagent) and D-(+)-xylose (ࣙ98%, Aladdin-e). These sugars were prepared to dissolve in pure water in a bubble-type polarization tube with the length of 0.5 dm. In addition, measurements on the rotation were made after the aqueous solution had been allowed to stand at least fifteen minutes at 20
• C for mutarotation to have been completed [18] . In this section, we used the MATLAB 2014a to calculate the fitting curve. The measured specific rotation and fitting curves of D-(+)-glucose, D-(+)-galactose, D-(-)-fructose and D-(+)-xylose are shown in Fig. 2 . The residuals for shorter wavelengths are larger than those for the longer because of the weak emissivity of the bromine tungsten lamp at short wavelengths. Besides, the distribution of residuals is different among the four pictures, some of them were close and some were loose, which was related to the reagents' purity and the external disturbances such as stray light.
After measuring the ORD spectra in the visible light region, we will compare the fitting curves of specific rotation we obtained to others and confirm the accuracy of our measurement. The reference data set of the one-term Drude's equation parameters derived from [8] and [10] is shown in Table 1 . As specific rotation of chiral molecules has been widely used in chemical research for characterization, compared with optical rotation, the specific rotation depends on the molecule's structure rather than experiment conditions such as concentration and path length of medium [17] . Therefore, the way testing the accuracy and versatility of measurement though the specific rotation will be more convenient. The fitting curves and the curves of one-term Drude's equation derived from published data were shown in Fig. 3 .
As Fig. 3 shown above, although the tendency of the fitting curves was roughly identical to the curves from references, there were some distances between the two kinds of curves. The distance of fructose was the biggest, galactose was the second, glucose and xylose were relatively small but it cannot be allowed to neglect. It is necessary to verify the accuracy of these curves.
With the primary experimental work being constrained to optical rotations of a single wavelength, namely the Sodium D line, the value of specific rotation is normalized at a wavelength of 589.3 nm [1] . Therefore, it is feasible to make the value at 589.3 nm as the standard to compare reference data and experimental data. The standard values of specific rotation listed in Table 2 are derived from [18] - [20] . As the values given in Table 2 , the differences between reference data and standard value is greater than those between the experimental data and the standard. Consequently, we can draw the conclusion that the curves of ORD spectra in the visible light region we obtained had certain viability, versatility and reference.
Discussion
In this section, we will discuss the viability of method we proposed in mixed solution. We first discuss whether the fitting equation can be used to measure the total optical rotation angle. Secondly, according to the Section 3.1, such a characteristic in specific rotation imposes the necessity to use precise theoretical methods to obtain the individual contribution to the final specific rotation value. Theoretical two-term Drude's equation of D-(+)-glucose, D-(+)-galactose, D-(-)-fructose and D-(+)-xylose can be summarized and the parameters were listed in Table 3 .
The premise for calculating the individual contribution is that the interactions of specific rotation between molecules do not occur or the interactions is so minimal that we can ignore them. Therefore, it necessary for us to compare the theoretical curves with fitting curves of mixed solution. In this case, first to discuss is the mixed solution which included four kinds of molecules, The concentrations of the four chiral solutes were 0.1177 g/ml, 0.0441 g/ml, 0.0379 g/ml and 0.0882 g/ml. In order to verify a further validity of this algorithm, β-Cyclodextrin (ࣙ98%, Aladdin-e) with the four solutes above were prepared to be measured, where the concentrations were 0.2500 g/ml, 0.0714 g/ml, 0.0357 g/ml, 0.050 g/ml and 0.0071 g/ml respectively. Fig. 4 reveals that the theoretical two-term Drude's equation curves ware basically the same as the fitting curves with the maximum error within 1.7%. Herein, to extend the application of two-term Drude's equation, we can use a mathematical derivation to calculate the individual concentration of molecules in accordance with (6) . The computational method we proposed for calculating individual concentration is based on the linear functional rela- tion and the fitting two-term Drude's equation of total rotation. The matrix models were constructed by MATLAB 2014a. Equations (7)- (9) are the two-term Drude's equation of total rotation of the mixed solution of glucose and fructose at different concentrations. Table 4 − 0.15 (9) As is showed in Table 4 , the distances between the experimental values and actual values no more than 0.038%, in which we can use this method to estimate the individual contribution to the total optical rotation. Specific rotation is a very sensitive property where a small change in the parameters of Drude's equation may dramatically change the calculated value of individual concentration. Although the parameters k 21 , k 22 and k 0 are relatively small, they are closely related to the precision of experimental results. Naturally, it's difficult to estimate the individual concentration by using the parameters of this paper in another environment because the measurements may be different with the changes of experimental environment, reagent purity, and so on.
The experimental results disclosed that the calculated concentration is indeed sensitive to the parameters of Drude's equation, which also revealed the advantages of two-term Drude's equation compared with the one-term. Meanwhile, in comparison with [8] , the method we proposed can be used to calculate the concentration of individual molecule without knowing the ranges of concentrations and setting constraints, in which the method is more flexible and common. Compared with [9] and [10] , the method can considerably improve the accuracy of measurement results. Moreover, it also clearly illustrates a relatively accurate relationship between concentration and rotation at continuous wavelengths.
Conclusion and Outlooks
The article starts from the measurement with a line scan CCD that used for measuring optical rotation angles with multiple wavelengths quickly and simultaneously. Afterwards, a comparison is introduced for verifying the accuracy of measuring result and reference data. The two-term Drude's equation via the fitting curves of specific rotation is translated into calculate the individual concentration of the molecules in aqueous solution at last. It indicates that the measurement has higher precision and the two-term Drude's equation has certain feasibility and reference.
The computational method we proposed for calculating individual concentration was based on the linear functional relation and the fitting two-term Drude's equation of total rotation. It remains challenging for measuring the individual concentration of optically active molecules, especially these with similar tendency of ORD spectra or small contribution. Moreover, with the changes of experimental environment, reagent purity, and so on, the results of individual contribution may not be repeated in another measurement unless standard specific rotation parameters of pure solutions are recalculated and the experiments are accurate enough. The approximating parameters of the two-term Drude's equation can be optimized as possible for more accurate calculating results. Further improvement and applications hold a promising vision and a far-reaching challenge.
